Abstract An epoxy coating applied to the concrete surface of a containment building deteriorates in hazardous environments such as those containing radiation, heat, and moisture. Unlike metals, the epoxy coating on a concrete liner absorbs and discharges moisture during the degradations process, so it has a different density and volume during service. In this study, acoustic impedance was adopted for characterizing the degradation of a glass-reinforced epoxy coating using the acoustic reflection coefficient (reflectance) on a rough epoxy coating. For estimating the acoustic reflectance on a wavy epoxy coating surface, a probabilistic model was developed to represent the multiple irregular reflections of the acoustic wave from the wavy surface on the basis of the simulated annealing technique. A number of epoxy-coated concrete specimens were prepared and exposed to accelerated aging conditions to induce an artificial aging degradation in them. The acoustic impedance of the degraded epoxy coating was estimated successfully by minimizing the error between a waveform calculated from the mathematical model and a waveform measured from the surface of the rough coating.
Introduction
A containment building is a steel or reinforced concrete structure enclosing a nuclear reactor. Fig. 1 shows a sectional view of the reactor building of CANDU 6 nuclear plant at Wolsung in Korea. While the containment plays a critical role in the most severe nuclear reactor accidents, it is also designed to contain or condense steam in the short term for large break accidents. Containment consists of a pre-stressed concrete structure with a domed roof, a dousing system, airlocks and a closure system. Epoxy coating has been applied to internal surfaces of concrete containment structures of nuclear power plants to seal the structure and protect from radiation, moisture and leakage of the contaminant. The coating material is a special type of epoxy resin which has a strong resistance to strong radiation, leakage, and water.
Although the epoxy coating is designed and constructed to be proof against 30-40 years of operation in compliance with the related standard regulations, it degrades during service due to aging, radiation, heat, and water generated in the containment structure. Several forms of material This paper describes an ultrasonic method for material characterization using acoustic impedance to investigate aging degradation of glass-reinforced epoxy coating. The acoustic impedance gives more accurate and overall 
Statistic Model of Acoustic Reflection on a Wavy Epoxy Surface
Epoxy coating on concrete liner in containment building of nuclear power plant has a wavy rough surface as shown in Fig. 2 
(a).
When a contact-type ultrasonic transducer is placed on the epoxy coating surface for inspection as in Fig. 2 (b), a planar ultrasound incident to the wavy epoxy coating reflects back to the transducer with arbitrary phase due to depth difference and irregular reflection.
Moreover, the reflected waves bounce back and forth multiple times in a very thin coupling layer between the coating and transducer, so that the resultant waveform of ultrasound changes and distorts leading to a measurement error.
In order to consider this irregular reflection of ultrasound, a statistical model was developed to calculate the multiple irregular reflection of ultrasound on a layered structure. In this model described in Fig. 3 , the epoxy coating was assumed as three layered structure composed of the couplant, coating, and concrete substrate.
It has an ideal one-dimensional flat surface which ensures a perfectly normal and planar reflection of acoustic wave, but allows a random phase variation at every reflection on the coating surface. 
where   ,   ,   ,   are the reflection and transmission coefficients between the layers corresponding to the subscript numbers, s is the Thus it was set as a random variable, which is a random phase delay  generated by the surface waviness of epoxy coating. In this statistical model, the mean gap-distance from the transducer wedge to the epoxy coating surface, d, in 
Based on the Eq. (3), the reflection coefficient   can be calculated using simulated annealing(SA) optimization technique from the reflection wave    measured in experiment to determine the acoustic impedance of epoxy coating for the evaluation of degradation, which is simply given by basic acoustic theory, 
Evaluation of Acoustic Impedance Using

SA Method
In order to determine the acoustic impedance   of epoxy coating, the reflection coefficient 
Specimen of Glass-Reinforced Epoxy Coating
Concrete cubes of 50 mm × 50 mm × 50 mm were made out of 19 mm aggregate and type 5 cement same as used for nuclear power plants.
Curing temperature was 10°C according to the standard for concrete casting in winter. Cured concrete specimens were ground to remove surface defects like concave-convex and laitance, and filled with epoxy grout to remove holes. 
Accelerated Aging Test of Epoxy Coating
Major factors causing the degradation of epoxy coating are the exposure to radiation, heat, and moisture. From previous studies and preliminary aging test, water was found as a dominant parameter that can develop the delamination and swelling of the coating. Along with the water, the temperature of the epoxy is also important to material degradation of epoxy coating because heat accelerates the aging process. Thus the aging test was performed in a hot water tank. In the tank, the specimens were immersed as shown in Fig. 5 , and the temperature of the tank was controled electrically. Table 1 
Experimental Results
Fig . 6 shows the experimental setup to measure the acoustic impedance of the specimens.
A contact type 10 MHz ultrasonic transducer (Panametrics A130) was attached through a delay line to generate and receive acoustic waves from the surface of epoxy coating specimen in a small water container. In the experiment, as described in Table 1 , three specimens of each 
Conclusions
Degradation of glass-reinforced epoxy coating caused by heat and moisture in nuclear power 
